ABSTRACT Pal•tic•ll•^i of montiiiorillimitp i-ppreseiitiii^' a CDiisidorablc ran^c of sizes wow separated from cnide lientonites by means of sedimentation flnd superceiitrifugatioii. Except for the effect of impurities, it was found tliat l)ase-exclianf,'e capacity was independ<'nt of particle size.
Introduction. Ross and Hendricks (1945) , Kerr and his associates (1950, 1950a ) and other workers have found that hand-picked samples of montmorillonites obtained from bentonite deposits usually contain impurities. For this reason an attempt was made to separate montmorillonite from associated impurities in bentonites by sedimentation and eentrifugation with a Sharpies Supercentrif uge. By these two methods, samples of montmorillonite of fairly high purity were obtained. Handpicked samples of 10 different air-dry bentonites were passed through a pulverizer and almost completely sodium-saturated by leaching with neutral-normal sodium acetate. This was done in order to facilitate dispersion. The occluded sodium acetate was removed by washing with neutral 80 percent methanol. The clay was then dispersed in distilled water, transferred to 2000 ml cylinders and allowed to settle 10 minutes. The stispension was removed and allowed to settle overnight. The suspended clay particles were siphoned off and passed through a Sharpies Supercentrifuge operated at various speeds up to a maximum of 50,000 rpm. By this means, several clay fractions of different particle sizes, as calculated by Hauser's modification of Stoke's law, were obtained. These were: 1600 millimicrons-500 millimicrons 500 millimicrons-300 millimicrons 300 millimicrons-200 millimicrons 200 millimicrons-70 millimicrons 70 millimicrons-50 millimicrons Base-exchange capacities were determined on all fractions. Chemical analyses were made on the 200 millimicrons-70 millimicrons fractions. The amount obtained of the 70 millimicrons-50 millimicrons fractions was insufficient for all the anatytieal determinations. All samples were dried at 85 °C before analysis. * Gulf Research and Development Company, Pittsburgh, Pennsyl- vania.
Exchangeable Cations and Base-exchange Capacity on the Original Bentonites.
For comparison with the more or less purified sodium-saturated clays, the exchangeable cations, soluble anions and base-exchange capacities were determined on the original hand-picked samples dried at 85°C. The results are shown in table 1.
Attention is called to the wide variation of the cations and anions in the 10 bentonites. Because of the relatively largo amounts of soluble anions found in certain samples, it is difficult to state the exact amounts of individual exchangeable cations which they contain; nevertheless, the large variation from sodium to calcium to magnesium gives strong evidence of substantial differences in the environmental conditions to which these bentonites have been subjected in the natural state.
The samples from Belle Fourche, South Dakota,^ and Clay Spur, Wyoming, are largely sodium clays; those from Polkville, Mississippi; Santa Rita, New Mexico; Plymouth, Utah; and Chambers, Arizona, are largely calcium clays; while the Otay, California, and Merritt, British Columbia, samples contain more nearly equal amounts of exchangeable calcium, magnesium, and sodium.
The Little Rock, Arkansas, sample is especially interesting in that it contains nearly 50 milliequivalents of exchangeable hydrogen ions. Dr. Margaret D. Foster (1951) has described a technique to determine exchangeable hydrogen ions by leaching with neutral-normal ammonium chloride until the leaehate gave a yellow color with methyl-red indicator. This technique applied to the Little Rock, Arkansas, sample failed to indicate complete removal of exchangeable hydrogen ions. In our work, this clay was leached with neutral-normal ammonium chloride until an aliquot of the leaehate returned to pH 7.0; the exchangeable hydrogen was determined by an electrometric titration of the leaehate. By this means it was possible to obtain a good balance between total Exchangeable cations and base-exchange capacity as measured by ammonium saturation and distillation.
The last column of table 1 indicates the range of pIT of the 10 montmorillonites. It is interesting to note the very low pll, 2.9, obtained on the Little Rock, Arkansas, sample in contrast to the Clay Spur, Wyoming, sample which is predominantly a sodium clay. 
Analyses of Montmorillonites.

Inferprefaiion of Analyses.
The data in table 2 were calculated hy the method outlined by Kelley in the preceding paper. The results are shown in table 3. Attention is directed to four points that are illustrated by these calculations. Firstly, in all samples except the Polkville montmorillouite there is not enough silicon to fill all tetrahedral positions. Accordingly, aluminum is assigned to tetrahedral positions in amounts just sufficient to fill the remaining position. Secondly, the ratio of tetrahedral charge to octahedral charge varies quite widely. As analyzed, it would appear that the Otay sample contains very little tetrahedral aluminum, while in the Belle Fourche and Clay Spur samples approximately one-third of the calculated charge appears to originate in the tetrahedral layers of the lattice. Thirdly, the total octahedral cations approximate four per lattice unit in five of the montmorillonites, but exceeds four in the Otay sample by an amount considerably in excess of the probable error of analysis. Finally, the total octahedral cations slightly exceeded four per lattice unit in the Polkville sample, but were found to be somewhat less than four in the Belle Fourche and Clay Spur samples.
As samples separated from certain other bentonites undoubtedly contain uncombined silicon dioxide, or silica, an attempt was made to ascertain whether the aforementioned samples contain such impurity. On extraction with 0.5 normal-sodium hydroxide it was found that silica was dissolved in amounts ranging from 8.6 to 8.4 percent, and aluminum oxide, or alumina, in amounts ranging from 0.6 to 2.25 percent.
Accordingly, the analyses were recalculated on the assumption that the silica and alumina removed by sodium hydroxide were present as impurities and not as a part of the clay lattice. These results are reported in table 4. As will be seen, tetrahedral aluminum, and therefore tetrahedral charge, was increased substantially in every case. Consequenth', the ratios of the charges are influenced considerably. The calculated total octahedral cations exceeded four in every case, and in the Otay sample was 4.182.
It was not proven definitely that all the silica and alumina removed by sodium hydroxide was impurity. However, in view of the very small amount of alumina and the larger amount of silica removed from certain samples, it is at least possible that the major part was impurity.
There is no direct evidence that iron is present as an impurity. However, from the total iron present in most of these clays, it seems iinlikely that all of it can be assigned to the lattice. For example, examination of hand-picked samples of Polkville montmorillouite show small rosette-like areas, apparently of iron stain, dispersed at random in a white clay. Yet the chemical determination of iron does not differentiate lattice from nonlattice iron. Sodium hydroxide would not dissolve iron present as an impurity. At present it can only be concluded that the iron content in these samples is tpiite variable, ranging from 1.2 percent to 4.89 percent.
Samples Containing Cristohalite.
When one attempts to calculate the analysis of the 200 niillimicrons-70 millimicrons fraction from the Santa Rita and that from the Merritt bentonites, it becomes apparent at once that these samples contain substantial amounts of silica as impurity. Table 5 shows the ehemical analyses and the calculated results on these two samples. Mere inspection of the analyses suggests impurities of some sort. This is indicated by the exceptionallj? high silica content in the Merritt sample and by the somewhat elevated silica content of the Santa Rita sample. The calculated results confirm this beyond any reasonable doubt, as shown by two facts: (1) the total calculated silicon ions exceed eight per lattice unit in both cases and markedly so in the ease of the Merritt montmorillouite, and (2) the total octahedral cations are substantially less than four per unit. These two criteria establish beyond reasonable question that, although all the coarser grained materials had been eliminated, each of tiiese two samples still contained some form of silica as impuritj', and in substantial amounts.
X-ray analyses by Dr. I. H. ]Milne of our laboratories revealed the presence of cristobalite in each of these samples. Accordingly, an attempt was made to remove cristobalite bj' extraction with 0.5 normal sodium hydroxide. It was found that silica was dissolved to the extent of 7.5 percent in the Santa Rita sample and 29.9 percent in the Merritt sample. Only a small amount of alumina was dissolved, 0.86 percent in the Santa Rita specimen and 0.68 percent in the Merritt montmorillonite. These results strongly indicate that the crj^stals of montmorillonite in these two samples were only slightly, if at all, attacked by sodium hydroxide. After correcting these analyses for the silica and alumina dissolved by sodium hydroxide, the data were recalculated. The results still showed less than four cations per lattice unit, indicating that not all of the cristobalite had been removed.
Consequently, uncombined silica was determined in the Merritt sample by the phosphoric acid method of Talvitie (1951) . This method showed that 37.65 percent of the sample was cristobalite.
After correcting the analysis for cristobalite as found by the phosphoric acid method and subtracting alumina soluble in sodium hydroxide, the data were recalculated as shown in table 6. The recalculated data on the Santa Rita sample corrected for silica and alumina dissolved by sodium hydroxide are also shown. It will be noted in the Santa Rita sample that the total calculated octahedral cations were still less than four per lattice unit, indicating that not all of the cristobalite had been removed. On the other hand, the data for the Merritt sample gave a fully rational lattice, with slightly less than eight silicons and somewhat more than four total octahedral cations per lattice unit.
Assuming 37.65 percent impurities in the ease of the ]Merritt sample, the base-exchange capacity of the purified material would be approximately 106 milliequivalents, which is in agreement with those of Belle Fourche, Clay Spur, Plymouth, Polkville, Chambers, and Otay. The base-exchange capacity of the unextracted sample was ajiproximately 65 milliequivalents.
The sample from Little Rock also contains a small amoimt of cristobalite as found by the X-raj-method. The calculated formula accordingly showed a deficiency of octahedral cations.
Sample Containing Hydrous Mica. By X-ray analysis, Dr. I. II. Milne found hydrous mica present in the 200 millimicrons-70 millimicrons fraction of the Amory montmorillonite. Moreover, this conclusion is supported by the chemical analysis which showed 0.63 percent potassium, of which only 0.07 percent is exchangeable.
Relation of Base Exchange to Particle Size.
The data shown in table 7 afford evidence that base-exchange capacity of a pure montmorillonite is independent of particle size. This is also illustrated bj^ the results obtained on the Plymouth, Polkville, Chambers, and Otay montmorillonites. Their base-exchange capacities are, in each case, nearly constant over five particle-size fractions. Conversely, the samples from the other localities show more or less increase in base-exchange capacity from the coarse to the finest fractions. The implication is that the coarser fractions may contain more impurity. The last column of the table shows the percentage increase in base-exchange capacity of the 200 millimicrons-70 millimicrons fraction over that of the original bentonite. It is interesting to note that with the Clay Spur sample which is often referred to as a typical montmorillonite, the increase in base-exchange capacity was approximately 36 percent, indicating that a hand-picked sample of this montmorillonite can be grossly impure.
It is also interesting to note that those montmorillonites with base-exchange capacities of 100 milliequivalents or more in the crude state apparently contain the least impuritJ^
Conclusion.
The foregoing data afford strong evidence that the 200 millimicrons-70 millimicrons fraction of certain clays contains substantial amounts of impurities. In the case of the Merritt and Santa Rita samples, and possibly others, it is concluded that impurities not removed by gravitational methods must be determined by analytical methods before the interpretation of clay properties can he made. Sedimentation and ceiitrifugation will separate montmorillonite from the coarser types of associated substances, but there appears to be little hope of removing all forms of extraneous silica by any means other than by some chemical solvent followed by an analytical determination of the impurity.
Finally, the foregoing data show that the calculated isomorphism of these samples is substantially modified by impurities. In general, silica as impurity accentuates the octahedral charge and reduces that of the tetrahedral layer. In other words, the calculated isomorphism may be greatly influenced by the impurities that occur in niontmorillonites. The data presented in this paper afford strong evidence that insistence on high ])urity in the interpretation of chemical analysis is amply justified. Unless the sample is largely free from silica as impurity there is bound to be uncertainty as to the actual isomorphism in the sample, and therefore, there will be reasonable doubt as to the origin of the charge.
